wind turbine system as a whole, without investigating its interior structure and failure logic.
the US Department of Energy as shown in Figure 1 [36] and the WTG decomposition scheme 154 presented in Table II , taken from [7] . This is coming directly from the Windstats database, 155 and provides failure information from each component of the WTGs used in Germany and
156
Denmark. In this decomposition scheme, the WTG components are generic, i.e. no specific 157 types or modes are considered. For example, the generator failure rate counts different types 158 of generators ranging from doubly-fed induction generator to direct-drive synchronous 159 generator. Following [7] , the WTGs considered are of the capacities ranging from 100 kW to 160 2.5 MW.
161
In this same figure, the secondary components are represented in a white oval: the hydraulic 162 system, the electronic control, some sensors (anemometer and wind vane) and the mechanical 163 brake. The wind turbine system can still produce electricity when some of these components 164 have failed; however, the electricity production would be inefficient. For additional 165 information, Table 1 presents all the components of the HAWT, their functionality, their 
Reliability of the Wind Turbine System
required function for a given amount of time and under specific conditions [32] . In practical 186 reliability, availability and maintenance (RAM) evaluations, a component or system is often 187 assumed to have only two states -'operating' and 'failure' -and the underlying stochastic 188 process of failure is described quantitatively by a power law process (PLP) characterized by 189 the failure rate (t), usually described as a combination of Weibull distribution that takes the 190 shape of a bathtub curve [7] . 191 However, in real components and systems, the process from operating to failure goes through 192 multiple degradation states, and this should be taken into account in the models for reliability a whole without investigating its failure logic and the complexity of its interior structure.
203
Also, as discussed in Section 2.1, the failure of secondary components can affect the state of 204 the primary components, which impacts the productivity of the wind turbine system. For 205 example, if the hydraulic system fails due to an excessive fluid temperature it can directly 206 impact the state of the mechanical brake, the yaw system and the rotor (cf. Figure 2) . In turn,
207
if the mechanical brake fails, it can affect the low speed shaft. Since the low speed shaft, the 208 yaw system and the rotor are primary components, if one of them enters in a state of failure,
209
then it can directly affect the efficient production of electricity by the wind turbine system.
210
This is the assumed logic of operation, degradation and failure with respect to the wind 211 turbine system.
212
As for the quantification of the model, the aim is to obtain the system state probability vector 213 at time t , where denotes the system state (normal 214 operation, degraded operation and failure).
GTST-MLD Model of the Generic Geared Wind Turbine System

216
In this work, a GTST-MLD is originally used to model the wind turbine system. GTST can 217 logically and hierarchically represent the functions, sub-functions and interactions among the 218 different parts of the wind turbine system that enable it to produce electricity. The goal tree
219
(GT) focuses on the qualities of the system while the success tree (ST) focuses on its parts.
220
Incidentally, a dependency matrix can be used to display the underlying hierarchy of the
221
MLD of the system [33]. The step-by-step process of developing such a model is presented in 222 the following subsections. 
Goal Tree
224
The GT focuses on the qualities of the system. These are composed of its goals and functions.
225
The top function of the GT is named the goal function. representation of the logic relationships is that the GT focuses on the functions of the system 231 whereas the FT concentrates on its components.
232
As explained in Section 2, the goal function of the wind turbine system is to generate 233 electricity and to send it to the grid. This goal function can be decomposed into the following 234 four independent global functions, as illustrated in Figure 3 . 
Success Tree
248
The ST focuses on the physical aspects of the system and is developed from top to bottom, 249 looking at all levels at which the system can be analysed. In essence, the physical elements 250 collect all the components of the system necessary to achieve any of the functions present in 251 the GT [23] .
252
In the wind turbine system, the ST can be broken down into two sections. First, the components are the blades, the rotor, the low speed shaft, the gearbox, the high speed shaft,
257
the generator, the structural parts and housing, the electrical system and the yaw system.
258
These parts are considered as the main elements of the ST.
259
Then, the supporting tree includes all secondary components, which are required for the 260 efficient production of electricity. If any one of these components fails, the wind turbine 261 system enters a state of degraded operation rather than a state of failure. This state of 262 degraded operation is introduced in order to define the wind turbine system state in which the 263 goal function of producing electricity is still fulfilled but in an inefficient manner. These 264 secondary components are the mechanical brake, the hydraulic system, the electronic control,
265
the anemometer and the wind vane. These are considered as the supporting components of 266 the system. Figure 4 presents the ST developed in this work.
267
The impacts of the failures of the secondary components onto the primary components are 268 explained as follows. There are analyzed and quantified in the development of GTST-MLD 269 in section 3.5.
-Mechanical brake: its failure can lead to the failure of the low speed shaft of the 271 turbine, and this can force the wind turbine system to a stop. is an abnormal condition that may cause a reduction in, or loss of, the capacity of an entity to 
-
Relationship Analysis of the GTST-MLD
299
Figures 6 and 7 present the complete GTST-MLD modeling framework of the wind turbine 300 system developed in this work. Dependence relationships using a black rectangle are stronger than those using a grey one. For example, the failure of a blade will have a strong impact on 302 the ability of the system to capture the wind energy. In fact, blades are vital in ensuring the 303 capture of the wind energy since it is the primary contact between the wind and the wind 304 turbine system.
305
In addition, uncertainty is represented by asterisks: the more uncertain the relationship is, the 306 more asterisks are associated to it in the graphical representation. Using the same example,
307
the relationship between the blades and the capturing of the wind energy is not ambiguous.
308
Therefore, the relationship between the blades and the global function of capturing the wind 309 energy is certain as well as strong and is represented by a black rectangle with one asterisk.
310
The reasoning behind the greyscale and asterisk assignments in the GTST-MLD developed in 311 this work is that uncertainty is as important to define as relationship strength when modeling 312 a complex system. In fact, these factors are fundamental in developing a reliability model for 313 the wind turbine system.
314
Using the same logic, the following relationships are represented in Figure 6 :
The relationship between the rotor and the global function of capturing the wind 316 energy is certain as well as strong.
317
-The relationship between the low-speed shaft and the global function of converting 318 wind energy into mechanical energy is certain as well as strong.
319
-The relationship between the gearbox and the global function of converting wind 320 energy into mechanical energy is certain as well as strong.
321
-The relationship between the high-speed shaft and the global function of converting 322 wind energy into mechanical energy is certain as well as strong.
323
-The relationship between the generator and the global function of converting the 324 mechanical energy into electrical energy is certain as well as strong.
325
-The relationship between the electrical system (and its back-up) and the global 326 function of sending the electrical energy to the grid is certain as well as strong.
327
-The relationship between the structural parts / housing and all the global functions is 328 of medium strength and highly uncertain. strength and yet certain.
335
-The relationship between the hydraulic system and the rotor is of medium strength 336 and uncertain.
337
-The relationship between the mechanical brake and the low-speed shaft is of medium 338 strength and uncertain.
339
The following relationships are represented in Figure 7 within the Supporting Material anemometer is strong and yet uncertain.
355
-The relationship between random shock on the wind vane and the failure of the wind 356 vane is strong and yet uncertain.
357
-The relationship between wiring issues in the electronic control and the failure of the 358 electronic control is of medium strength and uncertain.
359
-The relationship between overheating of the electronic control and the failure of the 360 electronic control is of medium strength and uncertain.
-The relationship between high fluid temperature in the hydraulic system and the 362 failure of the hydraulic system is of medium strength and uncertain.
363
-The relationship between aeration / cavitation in the hydraulic system and the failure 364 of the hydraulic system is of medium strength and uncertain.
365
-The relationship between the loss of flow in the hydraulic system and the failure of 366 the hydraulic system is of medium strength and uncertain.
367
The following relationships are represented in Figure 7 between the Faults and Failures
368
(influencing factors) and the Main System (in Figure 6 ):
369
-The relationship between the eccentricity of the yaw shafts and the failure of the yaw 370 system is of medium strength and uncertain.
371
-The relationship between crack formation and the failure of the yaw system is of 372 medium strength and uncertain.
373
-The relationship between a break in teeth in the yaw wheel and the failure of the yaw 374 system is of medium strength and uncertain.
375
-The relationship between a toothed wheel displacement in the yaw system and the 376 failure of the yaw system is of medium strength and uncertain.
377
-The relationship between a random shock on the structural parts / housing and the 378 failure of the structural parts / housing is of medium strength and uncertain.
379
-The relationship between crack formation on the structural parts / housing and the 380 failure of the structural parts / housing is of medium strength and uncertain.
381
-The relationship between a wiring issue in the electrical system and the failure of the 382 electrical system is of medium strength and uncertain. 
415
Based on the GTST-MLD, the relationships between system elements were analysed (i.e.
416
influencing factors, supporting material elements, primary components and global functions). 
451
From the logic expressions (Eq. 1) and (Eq. 2), the system failure probability, (i.e. the 452 probability of failing to supply the global functions) can be computed:
Simulation and Validation
456
Monte Carlo simulation was used to generate time-dependent state probability results of the were assumed as-good-as-new, i.e. after a repair the wind turbine system has the same time-
468
dependent state probabilities as a newly installed wind turbine system.
469
The simulation of system evolution runs in two successive phases: initiation and propagation.
470
In the initiation phase, the simulation runs as follows: Propagation needs to be carried out through each relationship defined in the GTST-MLD of 512 the wind turbine system from the primary and secondary components to the global functions 513 (see Section 3). Table 2 illustrates an example of propagation. As seen in the second line, the 514 state of the component is set to "1" since the influencing factor occurs ("0") but the random 515 variable realisation is larger than the probability of propagation. Therefore, the associated 516 global function is in a degraded state. On the other hand, as seen in the fourth line, the state of 517 the associated global function is set to "0" since the influencing factor occurs ("0") and the 518 random variable generated is lower than the probability of propagation. Therefore, the 519 component is in a state of failure -a state denoted by "0" in this work. 
537
In the simulation framework proposed in this work, the uncertainty of the strength of 
Results
546
A total of 10,000 simulations of system behavior were run for different points in time.
547 Figure 9 illustrates the state probabilities as a function of time. As can be expected, the 548 probability of normal operation decreases with time and the probability of failure increases 549 with time. A notable point is that the probability of the wind turbine system of being in a state 550 of degraded operation seems to plateau around 0.2 after 1 year of installation. Bayesian network is an influence graph.
558
Bayesian networks allow for the direct computation of the probability that one event (or state) therefore, makes it a flexible modeling tool for complex systems modeling.
567
In addition, the GTST-MLD developed in this work takes into account relationship strengths 568 and uncertainty factors while keeping the presentation of the complex logic of the wind 569 turbine system clear and unambiguous. As can be seen in Figure 10 , a Bayesian network for 570 such a system can be cluttered and the relationships between components can be unclear.
571
For the numerical comparison, the probabilities of occurrence of each influencing factor 572 presented in Figure 8 were used as prior probabilities in the Bayesian network. Since the 573 program used to develop the Bayesian network simulation did not allow for the generation of random variables for the uncertain relationships as explained in Section 4.1, it was assumed 575 that the probability of propagation used for uncertain relationships in the Bayesian network 576 simulation was equivalent to the mean of the range defined in Table 3 .
577
For example, with respect to the effect that the failure of the mechanical brake can have on 
